PURPOSE. The endocannabinoids (eCBs) and their receptors are expressed in the cortex of developing animals where they act as a neuromodulating system during critical stages of brain development such as cell proliferation and migration, and axon guidance. Little is known on the impact of the cannabinoid system on cortical map formation and receptive field properties of cortical sensory neurons. The present study evaluates in vivo the functional organization of the primary visual cortex (V1) of mice lacking cannabinoid CB1R receptor (cnr1 À/À ).
I n the brain, neurons are organized in modality-specific areas where neighboring neurons share common properties. This is best illustrated in the visual system where neurons are distributed according to the spatial position of their receptive fields (RF) in the visual field. 1 This functional organization takes place during development through a combination of genetically-driven and activity-dependent mechanisms. 2, 3 The establishment of cortical maps is regulated by signaling molecules carried by thalamocortical axons, and by membrane receptors expressed in the target areas. 4 Numerous systems of axonal guidance and neuromodulation have been identified, 5 including the lately-discovered endocannabinoid system. 6 This system is composed of endogenous ligands known as endocannabinoids (eCBs), their respective synthesis and degradation enzymes and two principal receptors, CB1R and CB2R. The endocannabinoid system is known to participate in several stages of brain development such as cell proliferation and migration, and axon guidance. [7] [8] [9] [10] [11] [12] [13] CB1Rs are highly expressed in many structures involved in the processing of visual information, such as the retina 14, 15 superior colliculus (SC), lateral geniculate nucleus (LGN), and primary visual cortex (V1). 16 CB1R agonists and antagonists are known to modulate the guidance of retinal ganglion cell (RGC) axons and the morphology of their growth cones. Intravitreous injections of CB1R antagonists cause aberrant retinofugal projections in the SC and the LGN, indicative of their key role in the development of the visual system. 12 Despite numerous studies showing that eCBs can disrupt projection patterns of retinofugal fibers in the thalamus and the midbrain during development, their role in the establishment of visual topographic cortical map formation has not been investigated. Moreover, most of these studies were conducted in the context of developmental processes, and therefore, did not provide information on the role of eCBs in visual information processing in the adult brain. Because eCBs are virtually present everywhere from the retina to the visual cortex, their involvement in modulation of visual information is very likely.
In this study, we evaluated the functional role of CB1R in the visual cortex using mice lacking cnr1 (cnr1 À/À ), the gene coding for CB1R, using optical imaging of intrinsic signals (IOS). 17 The spatial organization of retinotopic cortical maps was characterized and compared between cnr1 À/À and wildtype mice to determine the impact of cnr1 deletion on thalamocortical connectivity. We also investigated the impact of CB1R on visual responses of cortical neurons, examining contrast sensitivity and spatial frequency selectivity.
Results indicate that retinotopic cortical maps were altered in cnr1 À/À mice compared with their cnr1 þ/þ littermates, especially along the azimuth axis. Cnr1 À/À mice exhibited a smaller visual field as well as differences in V1 shape. Moreover, contrast sensitivity and spatial frequency selectivity were significantly reduced in cnr1 À/À mice when compared with the cnr1 þ/þ controls.
MATERIALS AND METHODS

Animal Preparation
All procedures were carried out in accordance with the guidelines of the Canadian Council for þ/þ ) were imaged for both retinotopic organization and functional properties of V1 (contrast and spatial frequency selectivity) neurons while the 12 remaining animals were imaged to measure the functional properties only (6 cnr1 À/À and 6 cnr1
). The cnr1 transgenic mice were obtained from Beat Lutz (Institute of Physiological Chemistry and Pathobiochemistry, University of Mainz, Germany) and were on a C57BL/6N genetic background. Transgenic mice were compared with background and age-matched cnr1 þ/þ controls from separate colonies. Mice were anesthetized with urethane (1.5 g/kg, intraperitoneal [i.p.]) complemented by atropine (0.05 mg/kg, subcutaneous [s.c.]). Lidocaine (2%) was injected locally to all incision sites. A tracheotomy was performed, and the animals were placed in a stereotaxic frame and supplied with airflow of saturated O 2 . Body temperature was maintained at 378C through a feedback-controlled heat pad. Electrocardiogram was continuously monitored to evaluate the depth of anesthesia and the animal welfare. The mouse cortex was imaged through the skull after scalp incision over the visual cortex (Fig. 1A) . Imaging chambers were glued on the skull, filled with agarose (1%), and sealed with a glass coverslip. Eyes were hydrated regularly to avoid formation of cataracts and to preserve acuity. 18 At the end of each experiment, the animal was euthanized by an overdose of pentobarbital sodium (Euthanyl, 0.1 mL, i.p.; Bimeda-MTC, Ontario, Canada). Post hoc PCR analysis was performed on each animal to confirm the genotype.
Visual Stimulation
Visual stimuli were generated using a custom-made software and presented on a screen placed 20 cm in front of the mouse eyes using a liquid crystal display (LCD) projector (1508 3 1358 of visual angle). To acquire and characterize V1 maps, a continuous stimulation paradigm was used 19 where white bars (150 cd/mm 2 , 28 wide) were periodically moving at 0.2 Hz horizontally or vertically over a black background in order to generate elevation and azimuth maps, respectively. In a subset of experiment, monocular stimulation was used in order to estimate the size of binocular visual cortex by measuring the ipsilateral cortical surface. To examine the functional properties of V1 neurons, namely sensitivity to contrast and selectivity to spatial frequency, full-field sine wave drifting gratings (four directions: 08, 908, 1808, 2708) were presented in a randomized fashion for 2 seconds and spaced by a blank presentation lasting 18 seconds intervals (gray background only, 75 cd/ mm 2 ). For contrast sensitivity, five different contrast values were used: 6%, 12%, 25%, 50%, and 100% presented at 0.02 cyc/deg at a temporal frequency of 3 Hz. For spatial frequency selectivity, four distinct frequencies were used: 0.005, 0.01, 0.02, and 0.04 cyc/deg, presented at 100% contrast.
Data Acquisition and Analysis
The skull was first illuminated with a 545 6 20 nm light to adjust the focus and obtain an anatomical reference image (Fig.  1A) . The acquisition of intrinsic signals was performed using a 630 6 30 nm light. 20 Images were captured with a 12 bits charged-coupled device (CCD) camera (1M60; Dalsa, Colorado Springs, CO, USA) driven by the Imager 3001 system (Optical Imaging Ltd., Rehovot, Israel) and fitted with a macroscopic lens (AF Micro Nikkor, 60 mm, 1:2.8D; Nikon Canada, Mississauga, ON, Canada), which provided a greater depth of field and working distance. Spatial resolution of images was 28 lm/pixel. For retinotopic mapping, 2400 frames were collected during 10 minutes. When stimulating episodically, 80 frames were captured for 20 seconds for every contrast and spatial frequency tested.
Data were analyzed using scripts running with MATLAB (Version 2009b; MathWorks, Natick, MA, USA). 
Light Fluctuation Correction
Because of the relatively small size of optical responses, every fluctuation in the light source or large global activity fluctuations can significantly alter the signal to noise ratio. In order to resolve this issue, an illumination correction method based on average activity removal was applied on the data. 21, 22 Raw data were corrected for each pixel (i,j) with
where R i,j,f and R ci;j;f are the raw and corrected data. T f is the light time course, defined as:
where x, y, X, and Y are the position and the size of the region of interest used as a noise reference. S i,j is the map of light average, defined as:
andR is the light average defined as:
where F is the number of frames. The reference region was chosen as a zone with no visual activation, low vascular noise (e.g., no blood vessel) and a high level of illumination. Then this signal was decomposed by Fourier transform to obtain phase and magnitude matrixes (u i,j,n , and A i,j,n , Figs. 1C, 1E) as described in the paradigm of Kalatsky and Stryker. 19 
Functional Cortical Maps
While the phase values at the stimulus frequency were used to determine retinotopy maps, 19 an improved representation of retinotopy can be obtained by normalizing the phase by the signal amplitude (Figs. 1D, 1F ). The resulting maps were used to delimit the borders of the regions of interest (ROI) corresponding to the visual cortex. Several attempts to implement automatic delimitation of ROI were performed but none of them provided consistent results and often introduced errors. Therefore, we performed a manual delimitation of the ROI. To avoid potential bias, we split data in two halves, each one attributed to one coauthor. Next, data samples were randomly picked and the two selected coauthors were asked to draw ROIs, without any clue of the genotype associated with the samples. Finally, we performed statistical tests that indicated that no interauthor bias existed, and that quantifications were robust (P > 0.05 for every parameter measured between the two data set halves). For all mice, responses from both cortices were averaged.
An ovality index, corresponding to the ratio between the height and width of the ROI, was used as a shape parameter of the visual cortex. The ratio of phases present in the retinotopic maps over the phases displayed was used as an estimate of the visual field represented in V1 (e.g., apparent visual field). The binocular visual fields were calculated using the proportion of phase values present in both hemispheres while the size the binocular cortex was estimated by measuring the ipsilateral cortical surface after monocular stimulation. A scatter index, calculated using the average difference between the phase value of each pixel with its surrounding pixel was used in order to quantify the smoothness in the visuotopic transitions within the visual cortex. 23, 24 
Contrast Sensitivity and Spatial Frequency Selectivity
To evaluate contrast sensitivity and spatial frequency selectivity, each stimulus condition was presented 7 to 10 times, and responses were averaged across trials and directions associated with the variable tested. For each spatial frequency and contrast values/conditions, the response maps were calculated by measuring the absolute maximum difference of luminance before and after the presentation of the grating. Contrast response profiles were fitted to a sigmoid curve using a Naka Rushton function. A C 50 value (contrast evoking half of the maximum response) was fitted for both groups. To determine the optimal spatial frequency, the spatial frequency evoking the strongest response was measured, on a pixel-by-pixel basis and averaged.
Statistical Analysis
For all analysis performed on visuotopic maps, cnr1 À/À and cnr1 þ/þ were compared using Student's t-test. Contrast sensitivity was compared using a Student's t-test on the average C 50 value of both groups. Error bars depict standard deviation. An F-test was performed on spatial frequency selectivity distributions. Statistical analyses were performed using SPSS 17.0 (SPSS, Inc., Chicago, IL, USA) or Matlab.
RESULTS
V1 Anatomo-Functional Properties
Visual stimulation by moving bars produced a robust activation in the visual cortex where retinotopic maps of V1 could be acquired. The following analysis is based on data originating from 15 cnr1 À/À and 7 cnr1 þ/þ mice. Magnitude of Cortical Responses. We first compared the average magnitude of cortical responses between the two strains of mice in order to determine the impact of cnr1 deletion on the strength of visually evoked intrinsic signals. Examples of magnitude maps are shown in Figure 1B where clear and well-defined activation areas were seen in the visual cortex of a cnr1 þ/þ mouse after visual stimulation of the entire visual field. Signal amplitude was quantified as percentage of changes in optical reflectance. Figure 2A illustrates comparison of the signal magnitude between the two groups; no differences were seen in azimuth and elevation maps (P > 0.20 Student's t-test) suggesting that cnr1 deletion does not affect the overall responsiveness of the visual cortex. The amplitudes of activation were (0.009% 6 0.0035) in cnr1 þ/þ and (0.011% 6 0.0040) in cnr1 À/À for the azimuth axis. For the elevation, magnitudes were (0.009% 6 0.002) in cnr1 þ/þ and (0.010% 6 0.003) in cnr1 À/À .
Surface of Activation. Anatomical parameters, such as surface and shape of V1, were extracted from the analysis ROIs. Because CB1R is known to play a role in target selection of neurons at the subcortical level, we next quantified its effect on the organization of retinotopic cortical maps in V1. The V1 surface was computed by measuring the number of activated pixels in V1 of both strains and compared between the two strains (Fig. 2B) . The average surface of activation was (3.287 mm 2 After comparing multiple retinotopic activation maps of both strains, it was noted that V1 of cnr1 À/À mice had a slightly different shape when compared with their cnr1 þ/þ littermates. The shape of V1 was quantified by calculating an ovality index (i.e., length of the ROI divided by its width) of the visually activated cortex (Fig. 3A) . Ovality indexes varied significantly for both the azimuth and the elevation as cnr1 À/À mice had a smaller index (Fig. 3B) , which resulted in a more 'rounded' shaped visual cortical area (P < 0.01, Student's t-test). Average indexes for azimuth were 1.334 6 0.059 for cnr1 þ/þ and 1.256 6 0.056 for cnr1 À/À , and 1.279 6 0.04 for cnr1 þ/þ and 1.214 6 0.057 for cnr1 À/À along elevation.
Evaluation of the Retinotopic Organization of V1
Apparent Visual Field. The retinotopic organization of the visual cortex for both strains of mice was compared. Using the phase component of the signal acquired using a periodically drifting bar, it is possible to calculate the apparent visual field representation in the primary visual cortex. Consistent with previously reported visual field representation in mice, 19 gradients of phase values were seen in V1 along the elevation and azimuth axes of both cnr1 þ/þ and cnr1 À/À (Fig.  4) . As expected in cnr1 þ/þ , the upper and lower visual fields were represented in the caudal and rostral regions (Fig. 4A) . As for the azimuth axis, the central part of the visual field was represented at the lateral edges of V1, while the periphery was represented more medially (Fig. 4B) .
Although this general retinotopic organization was preserved in cnr1 À/À mice, the apparent visual field encoded in the visual cortex was significantly different. As exemplified in Figure 4B , cnr1 À/À mice exhibited reduced visual field cortical representation when compared with cnr1 þ/þ mice. Cnr1 À/À mice had a significantly reduced visual field in the horizontal axis ( Fig. 4C ; P < 0.0005, Student's t-test) suggesting a role for CB1R in the establishment of visual field representation at the cortical level. For azimuth, average visual fields were 57.928 6 2.24 and (50.788 6 4.32) in cnr1 þ/þ and cnr1 À/À mice, respectively. Interestingly, no differences were found for the visual field representation along elevation, suggesting an axisdependent role for CB1R in the development of these parameters.
Binocular Visual Field. The impact of cnr1 deletion on binocular visual field was investigated in order to better identify the portion of visual field that showed differences between the two groups. Binocular visual field was quantified using maps elicited by a vertical bar moving along the azimuth (Fig. 5A) . The binocular cortical region was defined by calculating the proportion of phase values existing in both hemispheres. Consistent with previous studies, 25 we found binocular cortices to be located at the lateral parts of V1 (Fig.  5A) . To estimate the binocular visual field in both groups, we computed the ratio of binocular surface over the entire V1 surface. No significant differences were seen in both strains (P > 0.1) suggesting that visual field defects observed in cnr1 mice are not centrally located, but are more likely to come from a narrower peripheral visual field (Fig. 5B) . Average binocular visual field represented 7.5% 6 2.28 for cnr1 þ/þ and 9.9% 6 5.56 for cnr1 À/À of the total visual field. Ipsilateral Eye Cortical Map. The binocular cortex was also studied using vertically drifting bars presented under monocular conditions. This allowed us to measure the surface activated by projections coming from the ipsilateral eye, as they are restricted to the binocular part of V1 [26] [27] [28] (Fig. 6A) . No significant differences were observed (P > 0.20, Student's ttest) between groups (Fig. 6B) . The average surface of ipsilateral cortical maps were 1.77 mm . Scatter Index. Because the cannabinoid system is known to play a role in the proper arrangement of visual projections during development, 12, 13 we compared the progression of the receptive field positions along the retinotopic maps using a scatter index. Scatter indices were calculated using differences between phase values of individual pixels and those of their near neighbors. For maps with robust visual responses and well-organized receptive field transitions, these phase differences should be quite small due to the smooth progression of visual field representation in the visual cortex. Maps were more scattered in cnr1 þ/þ than in cnr1 À/À animals along the azimuth (P < 0.02, Student's t-test; Fig. 7 ). Scatter indices were (10.388 6 3.19) for cnr1 þ/þ , and (7.938 6 1.306) for cnr1 À/À in the azimuth axis and (11.058 6 3.05) for cnr1 þ/þ , and (10.588 6 2.79) for cnr1 À/À in the elevation axis. As found for the visual field representation (see above), difference in the scatter was noticeable along the azimuth only, strengthening the hypothesis of a greater role for CB1R in the horizontal coordinate system. Cnr1 À/À mice showed a reduced visual field for the azimuth axis (P < 0.001, Student's t-test), while no significant differences were observed for the elevation axis (P > 0.10, Student's t-test). 
Functional Properties of V1
Finally, we examined the effects of CB1 deletion on basic visual response characteristics such as spatial frequency selectivity and contrast sensitivity. The following data originates from 21 cnr1 À/À and 13 cnr1 þ/þ mice. Spatial Frequency Selectivity. The impact of CB1 deletion on the spatial frequency selectivity of population of V1 neurons, was studied by comparing evoked responses to gratings of various spatial frequencies in both strains. Figure 8A shows examples of optical signal changes in response to spatial frequency values ranging from 0.005 to 0.04 cyc/deg in a cnr1 þ/þ (left) and cnr1 À/À (right) animal. In the cnr1 þ/þ animal, all spatial frequencies generated robust activation in the visual cortex, with the maximum response obtained at 0.02 cyc/deg (red). Gratings of 0.01 cyc/deg (blue) also strongly activated the cortex, although with a slightly lower amplitude. Gratings at lower (0.005 cyc/deg, in yellow) or higher (0.04 cyc/deg, in green) spatial frequencies produced weaker activation in the cortex suggesting a preferred spatial frequency between 0.01 and 0.02 cyc/deg. In the cnr1
, a different pattern of activation was seen as the cortex was best activated by gratings of 0.01 cyc/deg followed by 0.005 and 0.02 cyc/deg, suggesting a shift of preference for lower spatial frequencies in these animals. Figure 8B shows quantification of the preferred spatial frequency averaged across cnr1 þ/þ (white bar) and cnr1 À/À (black) animals. While visual cortices of cnr1 þ/þ were best activated with gratings just below 0.02 cyc/deg (pixel-by-pixel average: 0.018 6 0.0025), cortices of cnr1 À/À mice showed a significantly reduced preferred spatial frequency (t-test, P < 0.01) as their primary visual cortex was more responsive for gratings close to 0.01 cyc/deg (0.012 6 0.0022). Figure 8C illustrates spatial frequency selectivity curves for both cnr1 þ/þ and cnr1 À/À . As expected, the spatial frequency selectivity curve for cnr1 À/À animals was clearly shifted toward lower spatial frequencies. While 0.02 cyc/deg produced the maximum response for cnr1 þ/þ , it generated just above 70% of the greatest response seen in cnr1 À/À . Moreover, while gratings of 0.04 cyc/deg were still able to produce significant responses in cnr1 þ/þ , they evoked less than 60% of the maximum amplitude in cnr1 À/À mice. An F-test was performed on both distributions, revealing that the tuning profiles differed significantly between the two groups (P < 0.02). These results suggest that CB1R is involved in the mechanisms establishing spatial frequency selectivity at the cortical level.
Contrast Sensitivity. Additional imaging sessions were carried out to investigate the impact of CB1R on contrast sensitivity. Figure 9A illustrates averaged cortical responses in cnr1 þ/þ (red) and cnr1 À/À (black) mice as a function of contrast. There are clear differences between traces as cnr1 À/À mice tended to exhibit a decreased sensitivity to contrast, especially at lower values. For instance, a 6% grating contrast elicited a significant response in cnr1 þ/þ mice, but hardly produced any activation in cnr1 À/À mice. Gratings of 12% contrast produced a slight change in optical responses in cnr1 À/À mice but a strong activation in cnr1 þ/þ animals. These differences in cortical responses tended to diminish for contrasts greater than 50%.
Data were fitted using a Naka Rushton function. 29, 30 As shown in Figure 9B , contrast functions for cnr1 À/À mice were shifted to the right when compared with cnr1 þ/þ counterparts. 
FIGURE 7.
Quantification of scatter index for cnr1 þ/þ and cnr1 À/À mice for azimuth (left) and elevation (right). In the azimuth axis, cnr1 À/À mice showed a lower scatter index compared with cnr1 þ/þ mice (P < 0.02, Student's t-test) while no differences were seen in the elevation axis. Quantification of the optimal spatial frequency for both cnr1 þ/þ and cnr1 À/À . The optimal spatial frequency was determined by the grating eliciting the maximum cortical response. Cnr1 À/À mice showed a significantly reduced optimal spatial frequency (P < 0.01 Student's t-test). (C) Spatial frequency selectivity curves for cnr1 þ/þ (red) and cnr1 À/À (black) differed significantly (F-test, P < 0.02). Detailed analysis of the curves reveals that, in cnr1 À/À mice, a higher contrast was needed to generate half of the maximum responses (C 50 ). Mean values of the C 50 are presented in Figure  9C and show that cnr1 À/À mice exhibited a significantly higher C 50 than their cnr1 þ/þ littermates (C 50 for cnr1 þ/þ : 0.13% 6 0.04%, C 50 for cnr1 À/À : 0.204% 6 0.03% [P < 0.005 Student's ttest]). These results suggest that CB1R is involved in the mechanisms subtending contrast sensitivity at the cortical level.
DISCUSSION
To our knowledge, this study is the first to evaluate the role played by a key component of the cannabinoid system in the functional organization of the visual cortex. Our data presents clear evidence that cnr1 deletion disturbs the structural and functional organization of the primary visual cortex as differences in shape and visual field representation were observed in cnr1 À/À mice at adult age. In addition, the chronic deletion of cnr1 affects the contrast sensitivity function and the spatial frequency selectivity, both considered to be critical for the establishment of visual perception.
The Influence of CB1R on the Functional Architecture of V1
When investigating the role of CB1R on cortical activity, robust retinotopic maps were obtained for both strains. However, the organization of their visual cortex was different, especially along the azimuth; V1 of cnr1 À/À mice exhibited a narrower visual field representation, an altered shape of V1 and a significantly lower scatter index when compared with that of their cnr1 þ/þ littermates. CB1R Alters Cortical Maps in V1. Several research groups have used the visual system as a model to study the effect of a given receptor on target selection and cortical map formation. For example, deletions of receptors known to play a critical role in the establishment of geniculate-striate connections, such as Ephrin family, are known to significantly disturb V1 organization. 24, 31 Our results suggest that CB1R plays a role in visual field establishment and/or maintenance at the cortical level as cnr1 À/À mice exhibited a significantly reduced visual field representation, which was not accompanied by a shrinkage in the size of V1. Such changes have been reported before in other transgenic animals using either functional or behavioral assays. Mice lacking receptor Ten-m2 of the teneurin family were shown to exhibit defects in visual field, resulting from abnormal RGC projections to the LGN and SC. 32 Furthermore, this study reported a reduced number of RGCs projecting in the LGN of cnr1 À/À mice, also leading to cortical visual field abnormalities. Similarly, we previously reported that CB1R plays a role in target selection as its pharmacologic activation leads to aberrant RGC projections in the LGN and SC. 12 Moreover, other studies have shown that CB1R plays a significant role in the survival of RGCs in rodents. 33 Thus, visual field defects in cnr1 À/À mice are in line with the mechanisms insuring RGC survival and their proper projection patterns in the establishment of visual cortical maps involving the CB1R.
Another feature that significantly differed in cnr1 À/À mice was the shape of its primary visual cortex. Cnr1 À/À mice showed a more rounded V1 compared with the general ovalshaped V1 of cnr1 þ/þ littermates. These results suggest a possible involvement of CB1R in processes that enable the patterning of the visual cortex. This patterning is usually attributed to transcription factors expressed in neocortical target areas, which determine the size and position of primary sensory cortices and regulate guidance information that governs the area-specific targeting of thalamo-cortical 7 axons. 34, 35 Because cnr1 À/À mice lacked CB1R in their entire visual system, one cannot precisely attribute effects observed to a given anatomical structure. However, it has been demonstrated that CB1R plays a role in the proper target selection of TC axons in the somatosensory system where TC axons of mice lacking CB1R were arranged in a less defined manner in area S1. 11 It is thus possible that a common mechanism is involved in the establishment of the precise patterning of visual cortical areas.
Another significant change observed while comparing retinotopic maps of both groups was the lower scatter index measured in cnr1 À/À mice. Functionally, a lower scatter index suggests a more refined and orderly arranged succession of receptive field across the cortical surface. This result might seem contradictory to the general statement that CB1R deletion disrupts V1 retinotopic map development (reduced apparent visual field, altered shape of primary visual cortex). However, other studies have shown that impairments in a given characteristic of the visual cortex can significantly improve or enhance others. For example, after monocular deprivation, the shrinkage of ocular dominance domains is also accompanied by an enhanced distribution of orientation pinwheels. 36, 37 Similarly, induced strabismus is known to sharpen boarders between ocular dominance columns. 38 Therefore, these studies indicate that compensatory rearrangement of the visual cortex can lead to supramaximal organization of some functional features.
Axis-Dependent Changes. Interestingly, most of the effects reported in the present study were observed along the azimuth axis. Other molecular systems have been shown to alter structural or functional aspects of the visual system in an axis-dependent manner. 24 For example, in mice lacking receptors of the ephrin family, functional maps in V1 along the azimuth axis are nearly abolished while those along elevation are maintained. The LGN of mice lacking b2 subunit of nicotinic acetylcholine receptor (nAChR-b2 À/À ) does not exhibit a clear topographical organization in the azimuth axis while that along elevation is normal. 39 Behaviorally, these mice failed to track horizontally drifting gratings while they performed well for gratings moving vertically. 40 The effects of various molecular systems in the development of retinotopy in an axis-dependent manner have been shown not only in the cortex but also at the level of the retina and the SC. 31 Our data strengthen the view that different mechanisms regulate the formation of cortical maps in an axis dependent manner and indicate that CB1R is mainly involved in the establishment of a map along the azimuth.
Functional Properties of V1 Neuron Population
Changes in the architecture of the visual cortex described above were accompanied by modifications in the spatial properties of V1 neurons. Mutant mice showed a reduced spatial frequency selectivity and a weaker sensitivity for contrast compared with their cnr1 þ/þ littermates, suggesting that the CB1R is involved in the fine-tuning of visual decoding properties of cortical neurons.
Cnr1 À/À Mice Exhibit a Decreased Contrast Sensitivity. Sensitivity to contrast is one of the most important attributes of the visual system as most visually responsive neurons are precisely tuned to respond to specific spatial-temporal variations of luminance contrast. 29 Along the central visual pathway, neurons from the retina to the LGN and the striate cortex show an increased firing in response to luminance contrast increment 41 suggesting that each structure plays a significant role in the establishment of contrast sensitivity and
contrast perception. Given the numerous structures that are involved in the processing of luminance contrast, 42 and the fact that all of them express CB1R, mechanisms associated with the change in cortical contrast sensitivity in cnr1 À/À mice could very well originate from multiple sites. Although the rodent retina expresses CB1R receptor in all of its cells including photoreceptors (both cones and rods), bipolar cells, horizontal cells, and ganglion cells, 43 which are all known to play a critical role in the generation of contrast perception, 44 a recent study from our laboratory has reported no effects of CB1R receptors on retinal responses measured by ERG. 43 Electroretinographs recorded from cnr1 À/À showed normal a-and bwave in both photopic and scotopic conditions. While contrast selectivity per se was not tested, it is likely that retinal CB1R does not play a major role in the observed contrast changes. CB1R is widely expressed in the dLGN of rodents 12 and a recent study showed that local pharmacologic injections of CBs in this thalamic nucleus modulated spiking activity of geniculate neurons. 45 Because LGN cells can be modulated by the cannabinoid system independently from retinal and cortical processes, they may subtend, in part, the changes in contrast sensitivity observed in cnr1 À/À mice. Finally, the eCB system is highly likely to modulate visual processing at the cortical level. The primary visual cortex plays a key role in establishment of contrast perception. Simple neurons in V1 are known to exhibit a linear increase of their firing magnitude in response to logarithmic increments of grating contrast. 41 Moreover, the contrast sensitivity of V1 population neurons accurately predicts behaviorally measured contrast responses 46 further underlying the critical role of computations taking place in the striate cortex for contrast perception. Many studies have reported a modulatory effect of CB1R manipulation at the striate cortex level. For instance, eCB's can modulate deprivation-induced response depression in V1 neurons suggesting an involvement of CB1R in the ocular dominance shifts induced by sensory deprivation. 47 CB1R are also known to play a critical role in the maturation of GABAergic transmission in the visual cortex during development 48 and to modulate GABAergic mediated inhibition in the visual cortex at eye opening. 49 Moreover, it has been reported that the expression and localization pattern of CB1R is developmentally regulated 50 further indicating that CB1R plays an important role in physiological processes regulating critical period plasticity of V1 neurons. Thus, changes in cortical contrast selectivity in cnr1 À/À mice could very well result from changes most likely occurring at the thalamic and cortical levels.
CB1R Effect on Spatial Frequency. The visual system of mammals is organized in parallel pathways, each one being preferably activated by visual stimuli with distinct spatialtemporal characteristics. For example, in primates, the cells of the parvocellular pathway exhibit a low temporal and high spatial frequency sensitivity while the cells of the magnocellular pathway are tuned for low spatial and high temporal frequencies. 51 This parallel organization was recently reported in the mouse visual system. 52 In this study, cnr1 À/À mice exhibited a preference for lower spatial frequency and a reduced spatial frequency selectivity bandwidth. We hypothesize that the effects of CB1R deletion on spatial frequency in is likely mediated by changes in neurons exhibiting parvocellular-like RF.
Increasing the contrast of a stimulus is known to reduce the receptive field size of cortical neurons 53 and to increase spatial frequency bandwidth on most cortical neurons. 54 In our study, the cnr1 deletion provokes changes in contrast and spatial frequency selectivity at the mesoscopic level, supporting the idea that these two properties share common physiological processes. However, because our technique provides data on the overall activity of a population of neurons, the exact contribution of CBR1 on receptive field properties at the single cell level or on specific cell types cannot be determined.
Links With Cannabis-Induced Changes in Visual Perception
Despite considerable research performed on the role of cannabinoids on visual function at the molecular and neuronal levels, very few studies have investigated the physiological processes by which cannabis consumption induce perceptual and behavioral changes. This is rather surprising since the effects of cannabis consumption on visual perception have been reported several times in first timers and chronic smokers. Case studies report several visual impairments including a distorted perception of distance, altered color vision, illusions of movement. 55 Several reports have also mentioned the effects of cannabis consumption on night vision. 56, 57 Because cannabinoids are the principal psychoactive components of Marijuana and hashish, and because their effects are known to be mainly mediated by CB1R, 58 our results may provide a physiological basis to understand the role played by this receptor in cannabis-induced visual distortions. However, even if some results of this study correlate with the visual symptoms accompanying cannabis usage in humans, cautious interpretation is commanded because we investigated the impact of life-long CB1R deletion on the visual function, whereas studies on the impact of cannabis consumption examined the effects of CB1R activation in a normal visual system.
One of the most important effects of CB1R deletion reported in this study is the shift of contrast sensitivity in knock-out mice suggesting a critical role for CB1R in the maintenance of this fundamental feature. Interestingly, the manipulation of CB1R in humans after cannabis consumption is known to better night vision, 57 a condition in which higher contrast sensitivity is often needed in order to compensate for low levels of light. 59 Another key effect of CB1R deletion reported in this paper is the shift in selectivity toward lower spatial frequencies exhibited by knock-out mice. Similarly, cannabis consumption has been reported to decrease Snellen visual acuity scores in humans. 60 Because visual acuity and spatial frequency sensitivity both measure the spatial resolution of the visual system, 61 it is likely that a common CB1R-dependent mechanism modulates visual acuity in both species.
CONCLUSIONS
Results of this study show that the absence of CB1R has a functional impact on the visual cortex: Organization of V1 is altered along azimuth and contrast and spatial frequency selectivities are modified. Data presented here are in line with the important modulatory role attributed to the cannabinoid system in the development of visual pathways. This data further underlines the role played by the CB1R in visual processing because changes in visual perception reported after exogenous cannabis consumption 57 are mediated mainly through this receptor. 58 
